The effect of nanofiber proximity on the mechanical behavior of nanofiber arrays with volume fractions (V f ) from 1 to 20% was quantified via nanoindentation of an aligned carbon nanotube (A-CNT) array. The experimental results show that the indentation modulus for A-CNT arrays has a highly non-linear scaling with the CNT V f , leading to modulus enhancements of up to ∼ 600× at V f = 20%. Modeling illustrates that the origin of the highly non-linear trend with V f is due to the minimum inter-CNT spacing, which is shown to be more than an order of magnitude larger than the graphitic spacing.
The demand for miniaturization and increased performance of next-generation devices requires nanostructured materials with controlled properties. [1] [2] [3] [4] [5] The highly anisotropic intrinsic thermal, electrical, and mechanical properties of nanowires (NWs), nanofibers (NFs), and nanotubes make them some of the prime candidates.
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When organized into NF arrays, the fabrication of highly scalable nanostructured architectures becomes possible. 5 However, at NF volume fractions (V f ) exceeding 10 vol. %, where the inter-NF spacing approaches the diameter of the NFs, 6 the usual assumption of negligible NF proximity effects may no longer hold, and a quantification of this effect on the physical properties of the array is necessary. In this letter, the impact of NF proximity effects, a function of the NF V f , 6 on the mechanical behavior of a controlled morphology aligned NF array is presented for the first time.
To evaluate the effect of NF V f on the properties of an aligned NF array, an exemplary system of NFs is studied. This system is comprised of aligned multiwalled carbon nanotubes (A-CNTs), which have interesting intrinsic physical properties. 5 Previous studies have managed to use mechanical characterization techniques, such as compression, 7,8 nanoindentation, [8] [9] [10] [11] [12] [13] and dropball testing, [14] [15] [16] to modify traditional continuum mechanics models to enable the quantification of the intrinsic elastic modulus of CNTs in aligned arrays. However, the mechanisms at work in the porous A-CNT arrays, particulary the NF proximity effects, which lead to a measured indentation modulus that is more than six orders of magnitude lower than the theoretical intrinsic modulus of individual CNTs, [8] [9] [10] [11] [12] 1 TPa, 17 need further study. 18 In this letter, nanoindentation is used to measure the effective elastic modulus of the A-CNT arrays at CNT V f ranging from ∼ 1 to 20% (average inter-CNT spacing ranging from ∼ 80 to 10 nm), and a theoretical a) H.C. and I.Y.S. contributed equally to this work b) Electronic mail: wardle@mit.edu model is developed to evaluate the effect of CNT proximity on the mechanical response of the A-CNT arrays.
The A-CNT arrays used in the nanoindentation experiments were grown via a previously described thermal catalytic chemical vapor deposition process using ethylene as the carbon source. [19] [20] [21] [22] The CNTs were grown on 1 cm × 1 cm Si substrates forming CNT arrays that are ∼ 1 mm tall, and are composed of multiwalled CNTs that have an average outer diameter of ∼ 8 nm (3 − 7 walls with an inner diameter of ∼ 5 nm and intrinsic CNT density of ∼ 1.7 g/cm 3 ), 23, 24 inter-CNT spacing of ∼ 80 nm, 6 and V f of ∼ 1% CNTs. 23 The A-CNT arrays are then delaminated from the Si substrate using a standard lab razor blade, and mechanically densified (biaxially) to the desired V f (up to ∼ 20%). 6, 25 Next, the A-CNT arrays were attached to a steel plate with an adhesive, and inspected under a scanning electron microscope (SEM) for any defects. See Fig. 1 for an SEM micrograph of a densified (∼ 20 vol. %) A-CNT array showing some CNT waviness.
Since nanoindentation is sensitive to spatial homogeneities, 26 extra care was taken to ensure the smoothness of the exposed A-CNT surface. To do so, all A-CNT arrays were mounted so that the side previously in contact with the catalyst layer was exposed, thereby avoiding the entangled ∼ 1 µm thick growth initiation region, 27 and densified A-CNT arrays (V f = 10 and 20% CNTs) were also machined via 1064 nm and 816 nm wavelength neodymium-doped yttrium aluminum garnet (Nd:YAG) lasers. The laser ablation process consisted of irradiating a 100 µm × 100 µm region of the arrays with the 1064 nm and 816 nm wavelength lasers at 50 mW for 60 seconds using ∼ 2 − 2.5× zoom. More details can be found elsewhere. 28 See Fig. 1 for an SEM micrograph of a laser ablated region of an A-CNT array with V f = 10% CNTs.
Since tip geometry features on the order of heterogeneity of the A-CNTs (average inter-CNT spacing on the order of 10 − 80 nm) 6 can influence the inferred modulus, experiments were carried out using two types of indentors (see Fig. 1 for an illustration of their geometry): a three sided pyramidal (Berkovich) tip with a nominal tip radius of 80 nm; and a conical tip, known as a Spherical tip, that terminates with a 5 µm tip radius and, an apex angle of 60
• . 28 The use of these two different indentors allows the effect of indentor geometry to be considered, particularly since the relatively sharp Berkovich tip radius is on the order of the average inter-CNT spacing at V f 1%, where the Spherical indentor might give a more accurate representation of the A-CNT forest stiffness. The indentation machine (Turboindenter from Hysitron, Inc.) used for the experiments allowed control over either indentation force or depth, and was capable of a maximum load and displacement of 10 mN and 5 mm, with resolutions of 1 nN (load) and 5 nm (displacement). Calibration was performed for each set of indentations using a standard fused silica specimen interpreted using the method developed by Oliver and Pharr. [28] [29] [30] A trapezoidal load profile was used in all indentation tests with a hold time of 5 seconds. To quantify the mechanical behavior of the A-CNT arrays, nanoindentation tests with controlled depths (3 µm for 1 vol. % A-CNT arrays, and 1 µm for 10 and 20 vol. % A-CNT arrays to ensure a linear elastic response) were performed, and the initial slope of the unloading curves was used to evaluate the effective elastic modulus, known as the indentation modulus (E), of the A-CNT arrays using the Oliver and Pharr method. ter, ∼ 50 − 100 nm tall, ∼3 vol. % A-CNT arrays, 31 this distinct drop in slope may correspond to buckling of the CNTs. However, while the previous study estimated the critical buckling at ∼ 2 − 2.5 µN independent of the CNT length, 31 Fig. 2a leads to a higher estimated critical buckling load of ∼ 12 − 14 µN. This difference in critical buckling load may be attributed to a more imperfect coupling (weaker frictional effects) of the smaller diameter CNTs used here.
18 Also, because no drops in slope can be seen in the loading curves of the densified A-CNT arrays (Fig. 2b) for indentations using both the Spherical and Berkovich tips, we conclude that buckling of CNTs does not occur to a significant degree at 10 vol. % V f 20 vol. % at indentation depths of 1 µm. The lack of buckling in this range of V f is likely due to the higher CNT proximity, which causes more CNTs to be in contact with the tip and limits the distance CNTs can deflect before interacting with one another, making bending the dominant deformation mechanism.
18 At higher V f , the CNTs bend and reinforce each other, as in the classic TABLE I. Indentation moduli and specific stiffness for the Berkovich (E b ) and Spherical (Es) indentors as a function of the CNT volume fraction (V f ) and average inter-CNT spacing (Γ). 
beam on an elastic foundation problem.
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Using the slopes of the load vs. displacements curves, the indentation moduli, E, were computed via the Oliver and Pharr method, 29, 30 and can be found in Table I . As Table I illustrates, the stiffness values evaluated for indentations using the Berkovich tip, defined as E b , show a very strong dependence on V f , starting at ∼ 1.7 ± 0.2 MPa for the as-grown 1 vol. % A-CNT arrays, and increasing to ∼ 150 ± 11 MPa for the densified 10 vol. % A-CNT arrays (∼ 90× enhancement), and ∼ 982 ± 108 MPa for the densified 20 vol. % A-CNT NW arrays (∼ 600× enhancement). The stiffness values evaluated for the indentations performed using the Spherical tip, defined as E s , show a similar dependence on V f , starting at ∼ 8.9 ± 0.7 MPa for the as-grown 1 vol. % A-CNT arrays, and increasing to ∼ 71.5 ± 5.4 MPa for the densified 10 vol. % A-CNT arrays (∼ 8× enhancement), and ∼ 816 ± 64 MPa for the densified 20 vol. % A-CNT arrays (∼ 90× enhancement). The E values for the densified 20 vol. % A-CNT arrays exceed those previously reported for other tall (lengths 0.1 − 1 mm to avoid substrate effects) A-CNT systems, which were evaluated at ∼ 10 − 100 MPa.
8-11 A note should be made about E b evaluated for V f = 1% A-CNTs, where the nominal tip diameter (80 nm) is very close to the average inter-CNT spacing (∼ 80 nm), 6 meaning that it is likely an underestimate of the stiffness of the A-CNTs at this V f , i.e., we interpret the spherical indentor to be more accurate at V f = 1%. Using the CNT density (ρ) of ∼ 1.7 g/cm 3 ,
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the specific modulus (E/ρ) of the A-CNT arrays can be evaluated at each V f (see Table I ), and used to compare their performance to other engineering materials. These specific moduli values illustrate that the behavior of the A-CNT arrays at V f = 1% is similar to flexible polymer foams, but as the V f is increased, their behavior becomes more similar to rigid polymer foams (V f = 10%) and natural materials (V f = 20%), such as wood. 33 To understand the origin of the highly non-linear dependence of E on V f , the effect of the significant reduction in inter-CNT spacing is analyzed. To do so, a model that quantifies the collective behavior of the CNTs in aligned arrays as a function of V f during nanoindentation was developed.
To effectively model the CNT deformation that occurs during nanoindentation, the following simplifying assumptions were made: 1) frictional effects in the system (both between CNTs and between the CNTs and the indentor) are negligible; 2) bending of CNTs is the primary mechanism of deformation; 3) the change in E is directly proportional to the number of CNTs affected by the tip; 4) CNT compression and buckling effects are negligible; 5) the CNT deformation is linear elastic in nature; 6) CNT waviness effects can be ignored from a modeling, but not phenomenological, perspective. These assumptions are based on the following observations: no buckling was observed at indentation depths of 1 µm (see Fig. 2 ), which is consistent with minimal frictional effects;
18 indentations signatures could not be found when forests were examined under an SEM postnanoindentation, indicating the full recovery of the ACNTs; and a recent study on the stress-strain behavior of low volume fractions (V f ∼ 1%) A-CNT arrays showed that the response of these materials is linear elastic material in the range of deformations studied here. 34 The resulting dependence of the measured modulus on V f is a function of two parameters: the average inter-CNT spacing, Γ, whose dependence on V f for A-CNT arrays was previously studied (see Table I for Γ evaluated for A-CNT arrays);
6 and the minimum inter-CNT spacing, defined as Γ min , which is a function of the inter-CNT electrostatic interactions, and does not depend on V f (the CNTs are not damaged by the densification process). Γ min physically represents the inter-CNT separation at which two A-CNTs can no longer approach one another due to inter-CNT interactions (e.g van der Waals). Γ min is motivated by previous observations that the mechanical densification technique used here cannot yield densified A-CNT arrays with V f exceeding ∼ 40 % (Γ ∼ 4.5 − 5.5 nm).
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Using these assumptions and parameters, a scaling relationship that could be generalized to other elastic NW and NF systems is developed. The derived scaling relationship in its most simplified form can be found below (see Eq. S1−S9 and Fig. S1 in the Supplementary Information 35 for model development details):
This scaling behavior is significantly different from the one recently reported for nanoporous zeolitic imidazolate frameworks (ZIFs) tested using a Berkovich tip, which show an empirical E ∝ V 2 f scaling relationship (in MPa). 36 See Fig. 3 for a plot of E vs. V f comparing Eq. 1 (assuming E 1% ∼ 4 MPa) with the ZIF scaling, 36 and the experimental data from Table I. See Table S1 in the Supplementary Information 35 for the model predicted values for E(V f = 10%) and E(V f = 20%) at 1 nm Γ min 7 nm. As Fig 3 illustrates , both Eq. 1 (at 4 nm Γ min 6 nm) and the ZIF scaling equation are in good agreement with the experimental data at V f <= 10%, but when NF proximity effects become significant (V f > 10%), the ZIF scaling is no longer representative of the A-CNT array behavior. This is likely due to a difference in pore morphologies, and particle (i.e. nanocrystal) size and aspect ratios between the two systems. Future studies should Table I ) to the model predictions (Eq. 1) as a function of the minimum spacing, Γmin, and the previously reported scaling relationship of zeolitic imidazolate frameworks, ZIFs (E ∝ V 2 f ).
36
further explore the origin of Γ min and better approximate its value. Also, although Eq. 1 assumes that the NFs are perfectly collimated, real NFs have some degree of waviness (see Fig. 1 ). Previous studies have determined that the CNT waviness has a very strong influence on the mechanical behavior of polymer nanocomposites comprised of A-CNT arrays, 37, 38 and that the CNT V f strongly affects the average waviness in the A-CNT arrays.
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However, while NF waviness has a strong influence on the mechanical properties of NF arrays, models that enable precise and complete quantification are not currently available, 6 and the incorporation of NF waviness into Eq. 1 was not possible. Future work should include a further study of this effect. Once NF waviness can be properly modeled, the theory developed in this letter will need to be modified to include this additional parameter, and more accurate predictions of the indentation modulus as a function V f may become possible.
In summary, the effect NF proximity on the mechanical behavior of NF arrays with a NF volume fraction (V f ) up to 20% was quantified both experimentally, via nanoindentation of an A-CNT array, and theoretically. The experimental results show that the indentation modulus for A-CNT arrays scales non-linearly with the CNT V f , showing enhancements of up to a ∼ 90× for the Spherical tip, and ∼ 600× for the Berkovich tip, at V f = 20%. The modeling results illustrate that the indentation modulus for A-CNT arrays strongly depends on two parameters: (i) the inter-CNT spacing, a non-linear function of the CNT V f ; 6 (ii) the minimum inter-CNT spacing, a constant that does not depend on CNT V f , whose value is shown to exceed the graphitic spacing (∼ 0.34 nm) by more than an order of magnitude. Further study on the origin of the minimum inter-CNT spacing is required. The model predictions, while closely resembling the observed behavior of the A-CNT arrays, were still imperfect because a model that allows the precise quantification of the CNT waviness, a factor that could strongly influence the indentation modulus, 37 is not currently available. Future studies should include the modification of the current theory to account for non-negligible CNT waviness and frictional effects. Using these results, aligned NW and NF architectures with controlled properties can be designed for next-generation multifunctional materials and devices. 
I. MODEL DEVELOPMENT
To predicted the indentation modulus of densified CNT arrays, the 1D repeat units for both the pre-indentation, δ i , and post-indentation, δ f states must first be defined using the outer diameter of the CNTs, D o , and the average pre-indentation, Γ, and post-indentation, Γ min , inter-CNT spacing:
Where Γ is calculated using the previously reported continuous nanowire coordination model (see Table 1 in the main text for the computed Γ), and Γ min is defined as the spacing at which electrostatic (e.g. van der Waals) interactions cause CNT bending over further densification.
Next, the width of the indentor that penetrates the surface of the CNT array, W , (see Fig. S1 for illustration) is used along with Λ to determine the average number of CNTs directly affected by the tip during indentation, n:
n is then used to determine the final 1D width of the fully densified CNTs that were directly affected by the indentation, w (see Fig. S1 for illustration):
The total effective line length of CNTs that are affected by the indentation of the tip, both directly and indirectly, is defined as L e (see Fig. S1 for illustration) and takes the following infinite sum form: Eq. S5 converges to the following closed form:
Using a factor that depends on the tip geometry, defined as Π, the effective indentation area of the tip, A, can now be evaluated:
Using Eq. S1, Eq. S6, and Eq. S7, the total number of CNTs affected by the indentation, defined as n tot , can be evaluated:
To relate the change in CNT volume fraction, V f , to the measured change in indentation modulus, E, of the system, a scaling factor, Ω, needs to be defined. Ω is then related to the elastic moduli of forests at different two different volume fractions, defined as Ω 1→2 , and takes the following form:
Applying Ω 1→2 to predict the the change in indentation modulus for V f,2 relative to V f,1
yields:
Eq. S9 can be re-written as a function of only the average pre and post-indentation inter-CNT spacings, and can be found in the main text (Eq. 1). 
